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Regulation of the renal Na-HCO3 cotransporter: V. Mechanism
of the inhibitory effect of parathyroid hormone
OFELIA S. Ruiz, YI-YONG Qiu, LONG-JIANG WANG, and JOSE A.L. ARRUDA
Section of Nephrology, University of Illinois, and West Side VA Medical Center, Chicago, Illinois, USA
Regulation of the renal Na-HCO3 cotransporter: V. Mechanism of the
inhibitory effect of parathyroid hormone. PTH administration decreases
proximal HCO3 reabsorption and inhibits the brush border Na-H anti-
porter. We studied the effect of PTH on the renal Na-HCO1 cotransporter
and examined whether this effect is mediated through the adenylate
cyclase/cyclic AMP system or through the phospholipase A pathway. We
studied the effect of PTH [1—341 on the Na-HCO cotransporter activity in
rabbit renal basolateral membranes incubated with 50 jLM ATP by
measuring the 22Na uptake in the presence of HCO3 and gluconate.
Na-HCO3 cotransporter activity (expressed in nmol/mg protein/3 seconds)
was taken as the difference in 22Na uptake in the presence of HCO3 and
gluconate. PTH (10—1 M) completely inhibited Na-HCO1 cotransporter
activity from 1.23 0.14 to —0.58 0.23, P < 0.001. This effect of PTH
to inhibit the Na-HCO3 cotransporter was prevented by the polyclonal
antibody against Go indicating that PTH acts through Go, protein.
Because Go, stimulates adenylate cyclase/cyclic AMP system, we exam-
ined the effect of PTH in the presence and in the absence of the adenylate
cyclase inhibitor, dideoxyadenosine (DDA). DDA alone (10 M) stimu-
lated the Na-HCO cotransporter activity. In the presence of DDA, the
net inhibitory effect of PTH was the same magnitude as that of control,
suggesting the existence of other pathways for the effect of PTH on the
cotransporter. Calmodulin inhibition also partially prevented the effect of
PTH. To determine whether the inhibitory effect of PTH is mediated at
least in part, through phospholipase A, we first examined the effect of
PTH on arachidonic acid release and then measured the Na-HCO3
cotransporter activity in presence and in absence of arachidonic acid or
eicosatetraynoic acid (ETA), an inhibitor of arachidonic acid metabolism.
PTH significantly increased the release of arachidonic acid by isolated
proximal tubule cells and arachidonic acid inhibited the Na-HCO3 co-
transporter in basolateral membranes. ETA (3 .rM) partially prevented the
inhibitory effect of PTH. In cultured proximal tubule cells, PTH inhibited
the HCO3-dependent 22Na uptake and ethoxyresorufin, an inhibitor of
cytochrome P-450, blocked the inhibitory effect of PTH on the cotrans-
porter. These results demonstrate that PTH inhibits the renal Na-HCO3
cotransporter through multiple mechanisms, that are mediated through G
proteins, Go, and G, and CaM-KIT.
Acute parathyroid hormone (PTH) administration is well
known to decrease proximal reabsorption of HCO3 [1—3]. Studies
in brush border membrane vesicles have shown that cAMP/
protein kinase A inhibits the Na-H antiporter activity and sug-
gested that PTH inhibits the Na-H antiporter [4]. This suggestion
has been confirmed in cell cultures where PTH has been shown to
inhibit the Na-H antiporter [5]. Studies involving the effect of
Received for publication March 13, 1995
and in revised form September 22, 1995
Accepted for publication September 25, 1995
© 1996 by the International Society of Nephrology
PTH in proximal tubule cells have shown that PTH increases
intracellular pH [6], an effect opposite from that expected for
inhibition of Na-H antiporter which should lead to a decrease in
intracellular pH. It was postulated, therefore, that PTH increased
intracellular pH by inhibiting HCO3 exit from the cell. HCO3 exit
from proximal tubule cell is mediated through the Na-HCO3
cotransporter [7], which we have shown to be inhibited by protein
kinase A and calcium calmodulin kinase (CaM-Ku) and stimu-
lated by protein kinase C [8]. In addition to the classic cAMP!
protein kinase A pathway, PTH has been proposed to act through
the phosphatidylinositol cascade to decrease proximal HCO3
transport [6] and through the cytochrome P-450 pathway to inhibit
the Na-K-ATPase activity in rat proximal tubule [9]. Furthermore,
the acute effect of PTH in the proximal tubule has been suggested
to be mediated through G protein activation of both Ga, and G
[6, 10]. We have recently shown that G proteins regulate the
activity of the Na-HCO3 cotransporter in basolateral membrane
vesicles [11]. The present study, therefore, was aimed at directly
examining the effect of PTH on the activity of the Na-HCO3
cotransporter in basolateral membrane vesicles loaded with ATP
and in cultured proximal tubule cells, to define the mechanism
whereby PTH may affect this transporter.
Methods
Membrane vesicle preparation
Purified renal basolateral membrane vesicles (BLMV) were
prepared from cortical homogenates of New Zealand white
rabbits by differential and gradient centrifugation with ionic
precipitation techniques as previously described [12]. The BLMV
were enriched 10- to 13-fold in Na-K-ATPase activity with mini-
mal cross-contamination of brush border membranes, as assessed
by alkaline phosphatase and y-glutamyl transferase activities.
Isolation and culture of rabbit proximal tubule segments
The separation of the proximal tubules was done by the method
of Chung et al [13] as previously described [14, 15]. In brief, New
Zealand white rabbits (5 to 6 lb) were anesthetized with nembutal
(50 mg/kg). The aorta was cannulated and the kidneys perfused in
situ with sterile serum-free medium (DMEM/F12) containing
particulate iron oxide. The kidneys were dissected free from the
abdominal cavity, the capsule removed and the cortex dissected
free from medullary tissue and homogenized in a Dounce homog-
enizer. The homogenate was serially filtered through three nylon
mesh screens having pore sizes of 250, 74 and 44 microns. The
material which traversed the former screen but was retained in the
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latter screen, contained both tubules and glomeruli, the latter
being removed with a sterile magnet. The resultant tubule sus-
pension was briefly exposed to collagenase, washed with sterile
medium and used for measurement of arachidonic acid release
and cAMP production by suspending the tubule in the appropri-
ate buffer. Electron microscopy studies of the isolated tubules
showed that more than 98% were proximal tubules. The isolated
proximal tubules were suspended in a serum free growth medium
(50:50) mixture of DMEM F12 medium supplemented with 24
mM NaHCO3, 192 IU/ml penicillin and 200 jzg/ml streptomycin,
and containing bovine insulin (5 jig/ml), human transferrin (5
jsglml) and hydrocortisone (5>< 10—8 M). The growth supplement
was added to the medium immediately before use. The cultures
were maintained at 37°C in a 5% CO2 incubator. Proximal tubules
isolated from one rabbit were sufficient to plate 10 to 12, 75 mm2
flasks in 15 ml medium per flask. Media were changed regularly
every three to four days. Confluency was reached after 8 to 10
days. Previous studies from our laboratory have shown that these
cells have morphologic, enzymatic and transport properties simi-
lar to the native proximal tubule cells [16].
Measurement of Na-HCO3 colransporter activity
Basolateral membrane vesicles. 22Na uptake was measured at 3
seconds by the rapid filtration technique as previously described
[8, 12]. Basolateral membrane vesicles were preincubated for one
hour at room temperature in a solution containing 200 mlvi
sucrose, 50 mM HEPES, pH 7.50 with Tris and 1 mivi Mg
gluconate. The suspension was spun at 30,000 rpm with a Beck-
mann Ti 50.2 rotor for 30 minutes at 4°C, and the resulting pellet
was resuspended in the same solution. The assay was started by
addition of 100 to 150 jig membrane protein to uptake medium
containing 40 m Na gluconate, 1 m Mg gluconate, and 50 m
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
pH 7.50 with KOH, as well as 1 jiCi 22NaC1 in presence of 40 m
KFICO3 or K gluconate. After 3 seconds of incubation at room
temperature, the reaction was stopped by adding 4 ml ice-cold
stop solution containing 200 m sucrose and 50 mivi HEPES, pH
7.50 with Tris, and subsequently poured on a 0.45-jim pore size
prewetted Millipore filter. Filters were washed three times more,
and radioactivity was measured by scintillation spectroscopy.
HCO3-dependent 22Na uptake was taken as the difference in 22Na
uptake in presence of absence of an inwardly directed HCO3
gradient (HCO3 was replaced by gluconate).
Primary cultures of proximal tubule cells. Primary cultures of
rabbit proximal tubule cells grown in monolayers were scraped,
pelleted, resuspended and incubated in a buffer containing (in
mM) 100 K gluconate, 80 sucrose, 10 HEPES, pH 7.40, 1 Mg
gluconate, 2 CaSO4, 5.5 glucose and 5.0 alanine in presence of
iO M ouabain and 50 jiM ethylisopropyl amiloride for one hour
at 37°C. Reaction was started by addition of 20 j.d of cell
suspension to 90 p1 of uptake buffer containing (in mM) 100 K
gluconate, 10 HEPES, pH 7,40, 1, Mg gluconate, 2 CaSO4, 5.5
glucose, 5 alanine, 1 pCi 22Na, and 40 NaHCO3 or 40 Na
gluconate. The reaction was stopped after five minutes with 3 ml
ice-cold incubation solution and then poured on a 0.45-jim pore
size prewetted Millipore filter. The filters were washed three times
more and radioactivity measured by scintillation spectroscopy.
HCO3-dependent 22Na uptake was taken as the difference in 22Na
uptake in tIle presence of HCO3 and gluconate.
Measurement of cAMP production
Cyclic AMP was extracted from isolated rabbit proximal tubule
cells in suspension before and after PTH stimulation as described
[171. In brief, isolated proximal tubule suspensions were incubated
for 30 minutes at 37°C in the absence and in the presence of
ioio M PTH [1—34] and in the presence of 0.5 mivi
3-isobutyl-1-methylxanthine (IBMX), a phosphodiesterase inhib-
itor. The samples were then put on ice, homogenized in the same
solution containing 4 mist EDTA and boiled for three minutes
followed by centrifugation. Cyclic AMP was measured in the
supernatant by radioimmunoassay using rabbit anti-cyclic AMP.
Measurement of arachidonic acid release
Arachidonic acid released by isolated rabbit proximal tubule
cells or BLMV was measured as described by other investigators
[18, 19]. Cells were labeled with 0.30 jiCi/ml [3H] arachidonic acid
in DMEM containing 0.5% fetal calf serum for four hours at 37°C.
After washing the cells in DMEM with fetal calf serum, they were
incubated with 10 in M PTH for 30 minutes at 37°C. One milliliter
of the media was then aspirated and radioactivity measured by
scintillation spectroscopy.
Arachidonic acid released by BLMV was measured as de-
scribed above with some modifications. Two hundred micrograms
BLMV were labeled with 0.3 jiCi/ml [3H] arachidonic acid in a
solution containing 25 mrvi HEPES and 100 mist mannitol, pH 7.00
for four hours. BLMV were washed with same solution without
the isotope and then incubated with 10 M PTH for 15 minutes
at room temperature. One ml of the supernatant was aspirated
and the amount of radioactivity measured.
Materials
[22Na]Cl was purchased from Amersham (Arlington Heights,
IL, USA), [3H] arachidonic acid from DuPont NEN (Boston, MA,
USA), 2' 5'-dideoxyadenosine from Pharmacia (Piscataway, NJ,
USA), anti-cyclic AMP from ICN Biomedical Inc. (Irvine, CA,
USA), W-13 from Calbiochem (La Jolla, CA, USA), DMEM/F12
from Atlanta Biologicals (Norcross, GA, USA), fetal calf serum
from GIBCO BRL (Grand Island, NY, USA) and anti-Ga5 from
Upstate Biotechnology (Lake Placid, NY, USA). Anti-rabbit IgG
and all other chemicals were purchased from Sigma Chemical
Company (St. Louis, MO, USA).
Statistical analysis
Experiments were done in triplicates from at least 4 to 11
membrane or proximal tubule cell preparations, and results are
presented as mean 5EM. Statistical significance was determined
using the analysis of variance or the t-test for paired or unpaired
data as appropriate.
Results
Effect of PTH on the Na-HCO3 cotransporter in basolateral
membrane vesicles
We first examined the effect of PTH concentration on cAMP
production by isolated proximal tubule cells of the rabbit. In
contrast to studies in rat proximal tubule where PTH concentra-
tion less than io M failed to stimulate cAMP production [17], in
the rabbit proximal tubule cells, PTH concentration as low as
lO M resulted in a significant increase in cAMP production
(3.92 0.38 vs. 7.26 0.86 pmols/jig protein/b mm, P < 0.05),
H
CO
3-
De
pe
nd
en
t 2
2N
a 
u
pt
ak
e 
n
m
o
ls
/rn
g p
ro
te
in
/3
 s
e
c 
-
s 
'3
 
03
 
a
 
cn
 
-
o
 
A P 0 0 
-
D
 
_
_
_
_
 
H
 t C C 
H
CO
3-
De
pe
nd
en
t 2
2N
a 
u
pt
ak
e 
n
m
o
ls
/m
g 
pr
ot
ei
n/
3 
se
c 
o
i 
o
 u
i 
b 
o
i 
a
 c
i 
a
 c
i 
a
 
C.
) 0 S 0 
-
o
 
A p 0 0 
398 Ruiz et al: PTH and the renal Na-HCO3 cotransporter
Fig. 1. Effect of PTH on the activity of the Na-HCO3 cotransporter (U)
taken as the difference in 22Na uptake by basolateral membrane vesicles in
presence of HCO3 (LI) and gluconate () and in absence and in presence of
10-10 M PTH. BLMV were treated with vehicle or 10° M PTH for 10
minutes at room temperature. Each data point represents mean and SEM
of experiments done in triplicates from 10 different membrane prepara-
tions. * <0.001 for control HCO1 versus HCO3 in PTH-treated BLMV.
**p < 0.001 for Na-HCO3 cotransporter activity in control versus
PTH-treated BLMV.
and additional increases were observed with higher concentra-
tions of PTH up to i0< M (results not shown). Figure 1 shows the
effect of 10 10 M PTH on 22Na uptake in the presence of HCO3 or
gluconate in basolateral membrane vesicles loaded with 50 M
ATP. PTH decreased 22Na uptake in presence of HCO3 from 6.46
0.81 to 4.96 0.62 nmol/mg protein/3 seconds, P < 0.001,
without affecting 22Na uptake in the presence of gluconate (5.23
0.79 vs. 5.54 0.72 nmol/mg protein/3 seconds). Na-HCO3
cotransporter activity was taken as the difference in 22Na uptake
in the presence of HCO3 and gluconate. It is clear that PTH
significantly decreased the Na-HCO3 cotransporter activity from
1.23 0.14 to —0.58 0.23 nmol/mg protein/three seconds P <
0.001.
To examine whether the effect of PTH is mediated through Ga
protein, we performed experiments in basolateral membrane
vesicles loaded with ATP and treated with PTH (10° M) in the
presence of either lgG or of a polyclonal antibody against Ga1.
Figure 2 shows that PTH significantly inhibited Na-HCO3 cotrans-
porter activity in the presence of IgG (control, 1.82 0.28; PTH,
—1.02 0.57 nmol/mg protein/3 seconds; P < 0.02), but failed to
inhibit the cotransporter activity in the presence of the polyclonal
antibody against Ga0 (PTH + antibody, 2.40 0.56). The
polyclonal antibody against Ga0 by itself failed to alter the activity
of the Na-HCO3 cotransporter (Fig. 2).
Since Gcs0 activation results in stimulation of adenylate cyclase,
we thought to obtain additional evidence that the effect of PTH to
inhibit the Na-HCO3 cotransporter activity is, at least in part,
mediated through adenylate cyclase/cAMP system. For this pur-
pose, we utilized the inhibitor of adenylate cyclase, dideoxyade-
nosine (DDA). Figure 3 shows that in the absence of iO- M
'Although physiologically the activity of the cotransporter cannot be
inhibited below zero, for sake of mathematical accuracy and statistical
analysis, we have reported the activity of the cotransporter as negative
when 22Na uptake in the presence of gluconate was higher than in the
presence of HCO3.
Fig. 2. Effect of anti-Ga1 on the inhibitory effect of PTH on the Na-HCO3
cotransporter activity. BLMV pre-treated with either vehicle, IgG or
anti-Ga0 for 90 minutes at 4°C were incubated with ATP alone or with
ATP, 50 rM, and PTH 10- 11) M at room temperature. HCO3-dependent
22Na uptake in control BLMV (LII), in BLMV treated with PTH and IgG
(U), in BLMV treated with anti-Ga1 alone () and in BLMV treated with
PTH and anti-Ga1 (t), N 4 to 9.
Fig. 3. Effect of didewyadenosine (DDA) on the inhibitory effect of PTH on
the Na-HCO3 cotransporter. HCO3-dependent 22Na uptake in control
BLMV (LI]), PTH-treated BLMV (U), DDA-treated BLMV () and PTH
+ DDA-treated BLMV (J), N = 7 to 11.
DDA, PTH significantly inhibited the Na-HCO3 cotransporter
activity. DDA by itself significantly stimulated the activity of the
Na-HCO3 cotransporter as compared to control from 1.44 0.09
to 3.99 0.58 nmol/mg protein/3 seconds, P < 0.001, indicating
that the adenylate cyclase-cyclic AMP system plays an important
inhibitory role on the activity of the cotransporter. In the presence
of DDA plus PTH, Na-HCO3 cotransporter activity (1.32 0.17
nmol/mg protein/3 seconds) was not different from control. How-
ever, as compared to DDA alone, PTH inhibited Na-HCO3
cotransporter activity by the same magnitude as the control. This
finding suggests that the cyclic AMP pathway, although inhibitory
for the Na-HCO3 cotransporter, is not necessary for the effect of
PTH, and suggests the existence of other pathways through which
PTH may inhibit the Na-HCO3 cotransporter.
Because we have previously shown that CaM-Ku pathway is
inhibitory for the Na-HCO3 cotransporter, we examined the
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Fig. 4. Arachidonic acid release by proximal tubule cells after incubation
with the vehicle (El), j_10 M PTH (U), and PTH + mepacrine (MP,) (El);N = 5 in each group.
potential role of this pathway in mediating, at least in part, the
effect of PTH on the cotransporter. We utilized the calmodulin
inhibitor, W-13, which we have previously shown to prevent the
effect of CaM-Ku on the cotransporter. PTH significantly inhibits
the activity of the Na-HCO3 cotransporter from 1.74 0.26 to
—0.12 0.37 nmol/mg protein/3 seconds, P < 0.01. W-13 tends to
slightly increase the activity of the cotransporter but did not reach
statistical significance (2.56 0.47 vs. 1.74 0.26 nmol/mg
protein/3 seconds). In the presence of W-13, PTH still inhibits the
activity of the cotransporter (W-13, 2.56 0.47; W-13 + PTH,
1.39 0.19 nmol!mg protein/3 seconds), although to a lesser
degree than control.
Effect of PTH on arachidonic acid (.44) release and role of AA
on the Na-HCO3 cotransporter
Because PTH has been shown to stimulate arachidonic acid
release in other species [9, 20], the effect of PTH on arachidonic
acid release in proximal tubule cell suspension and in basolateral
membrane of the rabbit cortex was examined next. Figure 4 shows
that PTH activates phospholipase A2 and results in arachidonic
acid release in cells. The inhibitor of phospholipase A2, mepa-
crine, 10—6 M, prevented the effect of PTH to increase arachidonic
acid release. In basolateral membranes labeled with [3H] arachi-
donic acid, PTH doubled archidonic acid release from 1059 127
to 1913 324 cpm, P < 0.05. The effect of mepacrine on transport
studies could not be examined because in preliminary studies we
showed that, at 106 M and at lower concentrations, mepacrine
caused a non-specific inhibition of 22Na uptake in the presence of
HCO3 and in the presence of gluconate in basolateral membrane
vesicles. To further define the role of arachidonic acid on the
Na-HCO3 cotransporter, we examined the effect of 10_6 M
arachidonic acid on the activity of the Na-HCO3 cotransporter in
basolateral membrane vesicles. Arachidonic acid inhibited HCO3-
dependent 22Na uptake from 1.44 0.29 to —0.21 0.43
Fig. 5. Effect of arachidonic acid on the Na-HCO3 cotransporter. BLMV
were incubated with the vehicle (Lii) or 10_6 M arachidonic acid (•), N =
7 in each group.
nmol/mg protein/3 seconds, P < 0.02 (Fig. 5), without affecting
22Na uptake in the presence of gluconate.
To further examine whether the effect of PTH to inhibit the
activity of the Na-HCO3 cotransporter is mediated at least in part
through phospholipase A2, we studied the effect of PTH in
presence of eicosatetraynoic acid (ETA), an inhibitor of arachi-
donic acid metabolism. As can be seen in Figure 6, PTH signifi-
cantly inhibited the Na-HCO3 cotransporter activity (from 1,73
0.25 to —1.37 0.34 nmol/mg protein/3 seconds, P < 0.001) and
this effect was partially prevented by ETA (—1.37 0.34 vs. 1.47
0.32 nmol/mg protein/3 seconds, P < 0.00 1). In the presence of
ETA alone, Na-HCO3 cotransporter activity was significantly
higher than control (1.73 0.25 vs. 2.64 0.32 nmol/mg protein/3
seconds P < 0.05). In the presence of ETA + PTH the activity of
the Na-HCO3 cotransporter was not different from control, but
was significantly lower than that in the presence of ETA alone (P
<0.05), suggesting that ETA blunts but not completely abolishes
the effect of PTH.
Role of cytochrome P-450 on the effect of PTH to inhibit the Na-
HCO3 cotransporter
PTH has been shown to inhibit the Na-K-ATPase through the
cytochrome P-450 by increasing the production of 20-HETE [9].
To study the potential role of this pathway on the effect of PTH on
the Na-HCO3 cotransporter, we utilized primary cultures of
proximal tubule of the rabbit. We have previously shown that
primary cultures of proximal tubules of the rabbit have HCO3-
dependent 22Na uptake that is inhibited by disulfonic stilbene
(DuDS), but not by amiloride, indicating the presence of Na-
HCO3 cotransporter in these cells [211. As shown in Figure 7,
PTH significantly inhibits HCO3-dependent 22Na uptake in these
cells from 1.66 0.18 to 0.52 0.46 nmol/mg protein/3 seconds,
P < 0.05, while the inhibitor of cytochrome P-450 by itself did not
affect the activity of the cotransporter as compared to control. The
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Fig. 6. Effect of ETA on the inhibito,y effect of PTH on the Na-HCO3
cotranspon'er. BLMV were incubated with either vehicle (LII), or iO° M
PTH (U) or ETA alone (B) for 10 minutes or with 3 rM ETA for 10
minutes followed by PTH for another 10 minutes (s), N = 7 to 8.
effect of PTH was completely prevented by 2 jLM ethoxyresorufin
(ETR) (0.52 0.46 vs. 2.06 0.33 nmol/mg protein/3 seconds, P
<0.05), suggesting an important role of cytochrome P-450 in the
inhibitory effect of PTH.
Discussion
PTH is well known to inhibit transport in the proximal tubule
and it also has been shown to inhibit proximal tubule HCO3
reabsorption [1—3]. The mechanism whereby PTH inhibits proxi-
mal HCO3 reabsorption is thought to be mediated through
adenylate cyclase/cyclic AMP/protein kinase A (PKA) system,
which inhibits the brush border Na-H antiporter [4], the main
system responsible for proximal acidification. HCO3 is thought to
exit from the cell through the Na-HCO3 cotransporter [7], which
we have shown to be inhibited by protein kinase A [8]. These
studies suggest that the effect of PTH to inhibit proximal HCO3
reabsorption would be solely mediated by combined effect of
cAMP/PKA to inhibit the brush border Na-H antiporter and
basolateral Na-HCO3 cotransporter.
Recent evidence, however, has suggested that PTH may inhibit
the Na-K-ATPase at concentrations that do not stimulate cAMP
production [17], and this effect has been proposed to be mediated
through the cytochrome P-450 [9]. In addition, PTH has been
shown to stimulate phosphatidylinositol metabolism in rat proxi-
mal tubule, and this effect of PTH was postulated to be the
mechanism responsible for the inhibitory effect of PTH on HCO
removal from proximal tubule cells [6]. In this study, PTH caused
an increase in intracellular pH with a concomitant increase in
cytosolic Ca2, which was thought to be mediated by phosphati-
dylinositol metabolism. The effect of PTH to stimulate intracel-
lular Ca and phosphatidylinositol metabolism should have oppo-
site effects on the Na-HCO3 cotransporter because we have shown
previously that, while protein kinase C stimulates the Na-HCO3
cotransporter, Ca-calmodulin kinase II inhibits this cotransporter
in the basolateral membrane vesicles [8]. Other investigators have
failed to show an effect of PTH on Na-HCO3 cotransporter in the
isolated perfused rabbit proximal tubule [22]. The reason for this
discrepancy is not clarified by the present study [22].
The present study was therefore aimed at delineating the
Fig. 7. Effect of ETR on the Na-HCO3 cotransporter. Cultured proximal
tubule cells were incubated either with vehicle (LI), iOb0 M PTH (U), 2
LM ETR (B) and PTH + ETR (El), N 5 in each group.
mechanism responsible for the effect of PTH on the activity of the
Na-HCO3 cotransporter in basolateral membrane vesicles and to
determine whether this effect of PTH could be mediated by an
effect on another pathway besides cAMP system. We measured
the effect of very low concentration of PTH on production of
cAMP by isolated proximal tubule of the rabbit and in contrast to
the results observed in rat proximal tubule where concentration of
PTH lower than 10_8 M failed to stimulate cAMP production [17],
in rabbit proximal tubule, concentration as low as jO_il M
resulted in significant stimulation of cAMP. However, in freshly
isolated proximal tubule of the rat, PTH at 10_li M also has been
shown to stimulate cyclic AMP production [23]. Because adeny-
late cyclase/cAMP is coupled to Gas, which we have shown
recently to inhibit the Na-HCO3 cotransporter [11], we tested the
hypothesis that the effect of PTH is modulated through this G
protein. Indeed, the effect of PTH was completely prevented by a
polyclonal antibody against Gcs., demonstrating that this pathway
is clearly involved in this effect of PTH. This suggests that the
cAMP/PKA system may play a role in mediating, at least in part,
the inhibitory effect of PTH on the cotransporter. The results
obtained with DDA are of interest because we have recently
shown [24], and have confirmed in the present study, that DDA by
itself stimulates Na-HCO3 cotransporter activity, suggesting an
important role of baseline adenylate cyclase activity in modulating
the activity of the cotransporter. In the presence of DDA, PTH
inhibited Na-HCO3 cotransporter activity to values not different
from control. However, in the presence of DDA + PTH, the
activity of the cotransporter was still significantly higher than that
observed in the presence of PTH alone, suggesting that in the
presence of complete inhibition of adenylate cyclase, PTH still
inhibits the cotransporter. These results strongly suggest the
presence of other pathways through which PTH may inhibit the
cotransporter. The possible role of other pathways in mediating
the effect of PTH was investigated with the use of inhibitors
phospholipase A2, arachidonic acid metabolism and of the cyto-
chrome P-450 system. In other systems, PTH has been shown to
activate phospholipase A2 through activation of G. The present
study is in agreement with other studies in that PTH stimulation
leads to release of arachidonic acid [9, 20], which could be
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prevented by the phospholipase A2 inhibitor, mepacrine. Unfor-
tunately, the effect of mepacrine on the effect of PTH could not be
tested because in preliminary experiments, we found that mepa-
crine by itself caused nonspecific inhibition of 22Na uptake in
basolateral membrane vesicles. Arachidonic acid by itself also
inhibited the Na-HCO1 cotransporter. To further define the role
of the arachidonic acid system on the inhibitory effect of PTH on
the Na-HCO3 cotransporter, we used eicosatetraynoic acid, an
inhibitor of arachidonic acid metabolism, which has been shown
previously to prevent the effect of PTH on the Na-K-ATPase [91.
ETA by itself stimulated the cotransporter activity while in the
presence of ETA, the effect of PTH to inhibit the Na-HCO3
cotransporter was partially prevented, suggesting an important
role of this pathway in mediating the inhibition of the cotrans-
porter by PTH. A similar argument could be made for the role of
Ca calmodulin K-IT because in the presence of the inhibitor,
W-13, the effect of PTH was blunted.
Several studies have suggested that the cytochrome P-450 plays
an important role in the regulation of the Na-K-ATPase by
dopamine [25]. Additional studies have shown that PTH inhibits
the Na-K-ATPase through the cytochrome P-450 [9]. It has been
shown that PTH by activation of phospholipase A2, releases
arachidonic acid, which is then metabolized by the cytochrome
P-450, leading to increased production of 20-HETE. This increase
in 20-HETE production is thought to be responsible for inhibition
of Na-K-ATPase by PTH in proximal tubule [17] and by dopamine
in the cortical collecting duct [251. These observations led us to
examine the possible role of this pathway in mediating the
inhibition of the Na-HCO3 cotransporter by PTH.
We examined the role of this pathway in cultured proximal
tubule cells of the rabbit, which we have shown previously to
contain Na-HCO3 cotransporter activity. These cells also seem to
have PTH receptors as evidenced by the fact that it inhibited
Na-HCO3 cotransporter activity. The inhibitor of the cytochrome
P-450, ETR, did not alter Na-HCO3 cotransporter activity in the
cells but completely prevented the inhibitory effect of PTH, a
finding similar to that observed for the effect of PTH on the
Na-K-ATPase activity. These results strongly suggest that the
cytochrome P-450, through increased production of 20-HETE,
plays a role on the inhibition of the Na-HCO3 cotransporter by
PTH.
Taken together, the above studies show that PTH inhibits the
Na-HCO3 cotransporter through multiple pathways that are me-
diated through the G proteins, Ga and G and Ca CaM-Ku. The
adenylate cyclase-cyclic AMP system plays a role in modulating
the baseline activity of the cotransporter and also part of the
inhibitory effect of PTH. However, in the presence of adenylate
cyclase inhibitor, PTH still inhibited the cotransporter suggesting
a role of other pathways. Our results suggest that the arachidonic
acid pathway is important in the inhibitory effect of PTH on the
Na-HCO3 cotransporter. The relationship of Ga activation and
the possible activation of Gp to stimulate the arachidonic acid
pathway is not clarified by the present study.
We have previously shown that cholera and pertussis toxins
caused ADP-ribosylation of 42 and 41 kD G proteins, respec-
tively, in the basolateral membranes and Ga caused inhibition,
while Ga1 resulted in stimulation of the cotransporter [111. The
present studies further suggest an important role of G to regulate
the cotransporter. The results of the present study seem to suggest
that the effect of G0 is mediated through phospholipase A2, which
acts via the cytochrome P-450 to inhibit the cotransporter. Al-
though PTH has been shown to increase cytosolic Ca2 and
increase phosphatidylinositol metabolism, we did not examine the
role of this pathway on PTH effect further because we have
previously shown that protein kinase C stimulates rather than
inhibits the cotransporter. Obviously the present studies do not
rule out an effect of PTH on this pathway that would result in a
lesser overall inhibitory effect of PTH on the cotransporter in vivo.
The present study suggests that the effect of PTH is mediated
through Ga and likely G and CaM-Ku, since inhibition of each
system partially prevented the effect of PTH. The experimental
design of our study does not allow clarification of the relative
contribution of the multiple pathways involved in mediating the
inhibitory effect of PTH in HCO3 transport. Future studies are
necessary to define the relative contributions of these pathways
and their interaction in mediating the inhibitory effect of PTH on
the cotransporter.
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